Neutron stars are composed of the densest form of matter known to exist in our Universe, the composition and properties of which are still theoretically uncertain. Measurements of the masses or radii of these objects can strongly constrain the neutron star matter equation of state and rule out theoretical models of their composition 1,2 . The observed range of neutron star masses, however, has hitherto been too narrow to rule out many predictions of 'exotic' non-nucleonic components [3] [4] [5] [6] . The Shapiro delay is a general-relativistic increase in light travel time through the curved space-time near a massive body 7 . For highly inclined (nearly edge-on) binary millisecond radio pulsar systems, this effect allows us to infer the masses of both the neutron star and its binary companion to high precision 8, 9 . Here we present radio timing observations of the binary millisecond pulsar J1614-2230 10,11 that show a strong Shapiro delay signature. We calculate the pulsar mass to be (1.97 6 0.04)M [ , which rules out almost all currently proposed 2-5 hyperon or boson condensate equations of state (M [ , solar mass). Quark matter can support a star this massive only if the quarks are strongly interacting and are therefore not 'free' quarks 12 .
Neutron stars are composed of the densest form of matter known to exist in our Universe, the composition and properties of which are still theoretically uncertain. Measurements of the masses or radii of these objects can strongly constrain the neutron star matter equation of state and rule out theoretical models of their composition 1, 2 . The observed range of neutron star masses, however, has hitherto been too narrow to rule out many predictions of 'exotic' non-nucleonic components [3] [4] [5] [6] . The Shapiro delay is a general-relativistic increase in light travel time through the curved space-time near a massive body 7 . For highly inclined (nearly edge-on) binary millisecond radio pulsar systems, this effect allows us to infer the masses of both the neutron star and its binary companion to high precision 8, 9 . Here we present radio timing observations of the binary millisecond pulsar J1614-2230 10, 11 that show a strong Shapiro delay signature. We calculate the pulsar mass to be (1.97 6 0.04)M [ , which rules out almost all currently proposed [2] [3] [4] [5] hyperon or boson condensate equations of state (M [ , solar mass). Quark matter can support a star this massive only if the quarks are strongly interacting and are therefore not 'free' quarks 12 .
In March 2010, we performed a dense set of observations of J1614-2230 with the National Radio Astronomy Observatory Green Bank Telescope (GBT), timed to follow the system through one complete 8.7-d orbit with special attention paid to the orbital conjunction, where the Shapiro delay signal is strongest. These data were taken with the newly built Green Bank Ultimate Pulsar Processing Instrument (GUPPI). GUPPI coherently removes interstellar dispersive smearing from the pulsar signal and integrates the data modulo the current apparent pulse period, producing a set of average pulse profiles, or flux-versus-rotational-phase light curves. From these, we determined pulse times of arrival using standard procedures, with a typical uncertainty of ,1 ms.
We used the measured arrival times to determine key physical parameters of the neutron star and its binary system by fitting them to a comprehensive timing model that accounts for every rotation of the neutron star over the time spanned by the fit. The model predicts at what times pulses should arrive at Earth, taking into account pulsar rotation and spin-down, astrometric terms (sky position and proper motion), binary orbital parameters, time-variable interstellar dispersion and general-relativistic effects such as the Shapiro delay (Table 1) . We compared the observed arrival times with the model predictions, and obtained best-fit parameters by x 2 minimization, using the TEMPO2 software package 13 . We also obtained consistent results using the original TEMPO package. The post-fit residuals, that is, the differences between the observed and the model-predicted pulse arrival times, effectively measure how well the timing model describes the data, and are shown in Fig. 1 . We included both a previously recorded long-term data set and our new GUPPI data in a single fit. The long-term data determine model parameters (for example spindown rate and astrometry) with characteristic timescales longer than a few weeks, whereas the new data best constrain parameters on timescales of the orbital period or less. Additional discussion of the long-term data set, parameter covariance and dispersion measure variation can be found in Supplementary Information.
As shown in Fig. 1 , the Shapiro delay was detected in our data with extremely high significance, and must be included to model the arrival times of the radio pulses correctly. However, estimating parameter values and uncertainties can be difficult owing to the high covariance between many orbital timing model terms 14 . Furthermore, the x 2 surfaces for the Shapiro-derived companion mass (M 2 ) and inclination angle (i) are often significantly curved or otherwise non-Gaussian 15 . To obtain robust error estimates, we used a Markov chain Monte Carlo (MCMC) approach to explore the post-fit x 2 space and derive posterior probability distributions for all timing model parameters ( Timing model parameters (top), quantities derived from timing model parameter values (middle) and radio spectral and interstellar medium properties (bottom). Values in parentheses represent the 1s uncertainty in the final digit, as determined by MCMC error analysis. The fit included both 'long-term' data spanning seven years and new GBT-GUPPI data spanning three months. The new data were observed using an 800-MHz-wide band centred at a radio frequency of 1.5 GHz. The raw profiles were polarizationand flux-calibrated and averaged into 100-MHz, 7.5-min intervals using the PSRCHIVE software package 25 , from which pulse times of arrival (TOAs) were determined. MJD, modified Julian date. * These quantities vary stochastically on >1-d timescales. Values presented here are the averages for our GUPPI data set. { Shown in parentheses are separate values for the long-term (first) and new (second) data sets. { Calculated using the NE2001 pulsar distance model 26 .
parameters, with MCMC error estimates, are given in Table 1 . Owing to the high significance of this detection, our MCMC procedure and a standard x 2 fit produce similar uncertainties. From the detected Shapiro delay, we measure a companion mass of (0.500 60.006)M [ , which implies that the companion is a heliumcarbon-oxygen white dwarf 16 . The Shapiro delay also shows the binary system to be remarkably edge-on, with an inclination of 89.17u 6 0.02u. This is the most inclined pulsar binary system known at present. The amplitude and sharpness of the Shapiro delay increase rapidly with increasing binary inclination and the overall scaling of the signal is linearly proportional to the mass of the companion star. Thus, the unique combination of the high orbital inclination and massive white dwarf companion in J1614-2230 cause a Shapiro delay amplitude orders of magnitude larger than for most other millisecond pulsars. In addition, the excellent timing precision achievable from the pulsar with the GBT and GUPPI provide a very high signal-to-noise ratio measurement of both Shapiro delay parameters within a single orbit.
The standard Keplerian orbital parameters, combined with the known companion mass and orbital inclination, fully describe the dynamics of a 'clean' binary system-one comprising two stable compact objectsunder general relativity and therefore also determine the pulsar's mass. We measure a pulsar mass of (1.97 6 0.04)M [ , which is by far the highest precisely measured neutron star mass determined to date. In contrast with X-ray-based mass/radius measurements 17 , the Shapiro delay provides no information about the neutron star's radius. However, unlike the X-ray methods, our result is nearly model independent, as it depends only on general relativity being an adequate description of gravity. In addition, unlike statistical pulsar mass determinations based on measurement of the advance of periastron [18] [19] [20] , pure Shapiro delay mass measurements involve no assumptions about classical contributions to periastron advance or the distribution of orbital inclinations.
The mass measurement alone of a 1.97M [ neutron star significantly constrains the nuclear matter equation of state (EOS), as shown in Fig. 3 . Any proposed EOS whose mass-radius track does not intersect the J1614-2230 mass line is ruled out by this measurement. The EOSs that produce the lowest maximum masses tend to be those which predict significant softening past a certain central density. This is a The neutron star is shown in red, the white dwarf companion in blue and the emitted radio beam, pointing towards Earth, in yellow. At orbital phase of 0.25 turns, the Earth-pulsar line of sight passes nearest to the companion (,240,000 km), producing the sharp peak in pulse delay. We found no evidence for any kind of pulse intensity variations, as from an eclipse, near conjunction. b, Best-fit residuals obtained using an orbital model that does not account for general-relativistic effects. In this case, some of the Shapiro delay signal is absorbed by covariant non-relativistic model parameters. That these residuals deviate significantly from a random, Gaussian distribution of zero mean shows that the Shapiro delay must be included to model the pulse arrival times properly, especially at conjunction. In addition to the red GBT-GUPPI points, the 454 grey points show the previous 'long-term' data set. The drastic improvement in data quality is apparent. c, Post-fit residuals for the fully relativistic timing model (including Shapiro delay), which have a root mean squared residual of 1.1 ms and a reduced x 2 value of 1.4 with 2,165 degrees of freedom. Error bars, 1s. b, PDF for pulsar mass derived from the MCMC trials. The vertical lines show the 1s and 3s limits on the pulsar mass. In both cases, the results are very well described by normal distributions owing to the extremely high signal-to-noise ratio of our Shapiro delay detection. Unlike secular orbital effects (for example precession of periastron), the Shapiro delay does not accumulate over time, so the measurement uncertainty scales simply as T
21/2
, where T is the total observing time. Therefore, we are unlikely to see a significant improvement on these results with currently available telescopes and instrumentation.
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common feature of models that include the appearance of 'exotic' hadronic matter such as hyperons 4, 5 or kaon condensates 3 at densities of a few times the nuclear saturation density (n s ), for example models GS1 and GM3 in Fig. 3 . Almost all such EOSs are ruled out by our results. Our mass measurement does not rule out condensed quark matter as a component of the neutron star interior 6, 21 , but it strongly constrains quark matter model parameters 12 . For the range of allowed EOS lines presented in Fig. 3 , typical values for the physical parameters of J1614-2230 are a central baryon density of between 2n s and 5n s and a radius of between 11 and 15 km, which is only 2-3 times the Schwarzschild radius for a 1.97M [ star. It has been proposed that the Tolman VII EOS-independent analytic solution of Einstein's equations marks an upper limit on the ultimate density of observable cold matter 22 . If this argument is correct, it follows that our mass measurement sets an upper limit on this maximum density of (3.74 6 0.15) 3 10 15 g cm
23
, or ,10n s . Evolutionary models resulting in companion masses .0.4M [ generally predict that the neutron star accretes only a few hundredths of a solar mass of material, and result in a mildly recycled pulsar 23 , that is one with a spin period .8 ms. A few models resulting in orbital parameters similar to those of J1614-2230 23, 24 predict that the neutron star could accrete up to 0.2M [ , which is still significantly less than the >0.6M [ needed to bring a neutron star formed at 1.4M [ up to the observed mass of J1614-2230. A possible explanation is that some neutron stars are formed massive (,1.9M [ ). Alternatively, the transfer of mass from the companion may be more efficient than current models predict. This suggests that systems with shorter initial orbital periods and lower companion masses-those that produce the vast majority of the fully recycled millisecond pulsar population 23 -may experience even greater amounts of mass transfer. In either case, our mass measurement for J1614-2230 suggests that many other millisecond pulsars may also have masses much greater than 1.4M [ . : blue, nucleons; pink, nucleons plus exotic matter; green, strange quark matter. The horizontal bands show the observational constraint from our J1614-2230 mass measurement of (1.97 6 0.04)M [ , similar measurements for two other millisecond pulsars 8, 28 and the range of observed masses for double neutron star binaries 2 . Any EOS line that does not intersect the J1614-2230 band is ruled out by this measurement. In particular, most EOS curves involving exotic matter, such as kaon condensates or hyperons, tend to predict maximum masses well below 2.0M [ and are therefore ruled out. Including the effect of neutron star rotation increases the maximum possible mass for each EOS. For a 3.15-ms spin period, this is a =2% correction 29 and does not significantly alter our conclusions. The grey regions show parameter space that is ruled out by other theoretical or observational constraints 2 . GR, general relativity; P, spin period.
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